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+ Kari Saine, Noise & Vibration engineer, whole my carier | have worked
at R&D department at Wartsila Vaasa Factory

« Graduated at Tampere University of technology 1986

» Be supervisor about 35 M.Sc or B.Sc thesis

» Published about 60 papers in international conferences or magazines
+ Last 25 years kept this kind of vibration and noise courses
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Background

» Since man began to build machines for industrial use and especially

since motors have been used to power them, problems of vibration and
isolation have engaged engineers.

» Early days the machines were heavy and slow-speed engines.

Nowadays with finite element method (FEM) it is possible to optimize
the structures. As consequence the natural frequencies of the
structures have fallen down to the rotating speed of the engines.

» Gradually as vibration isolation and reduction techniques have become

an integral part of the machine design, the need for accurate
measurement and analysis of mechanical vibration has grown.

* A whole new technology of vibration measurement has been developed

which is suitable for investigating modern highly stressed, high-speed
machinery. What is possible today, was not possible 25 years ago.

» Measurements are one of most undervalued science today.
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_ http://www.youtube.com/watch?v=3mclp9QmCGs

Tacoma bridge, 1.9 km, was collapsed
at November 7 1940, four months after opening
at wind speed 65 km/h
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— When a system is in resonance the excitation force has the
same frequency as the natural frequency of the structure.

— A small change in the excitation frequency causes an
increase/decrease in the system response or small forces can
cause high vibration level. Most vibration problems are related
to resonance phenomena.
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Introduction to Vibration

A Breakdown X
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Repair necessary
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Aggregate

Aggregate W6L32 engine together with steel common base frame
and alternator

&
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Rubber elements are eliminated 90% engine excitations when is
used flexible mounted engine
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Today is used separate engine frame. Now alternator can design
as normal cases.
Aalto University Vibration Course 9-10.5.2023 / K.Saine WARTSILA

10



: 1 'i'\’_lll‘"i.' 1 \";-51 T
e

L]

Aalto University Vibration Course 9-10.5.2023 / K.Saine e A SILA
11
Tyre change. =
Why car is shaking more when speed increase?
WARTSILA
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» Today multi channels FFT (Fast
Fouries Transformation)
analyzers are light, portable and
very powerful instruments.

» 3D accelerometers are standard
sensors. With these could be
measured easy way up to 10 kHz
at temperature 150 degree.

* The advance of the multi
channels analyzers it is possible
to measured mode shapes of the
sturucture

» Today 8-channels analyzers are
basic instruments, even 32 or 64
channels are quite common
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= Instruments
= Software
= Services
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Evaluation of the vibration results Hand-held meter and multi channels analyser
with modern equipment

Vibration spectrum

E4 V common base frame, n= 900 rpm, P=100%= 1100 kW
X:450Hz  Y:11.02mmvs  Total: 14.81 mm/s
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With very small and powerful instrument could be
measured both statical and dynamical stress levels,
like HBK Catman MX1615

WARTSILA
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Easier than ever - one single cable

- Power distribution (1.5 A left and right of the
powered module)

- Upto 5 m cable in between every module (12
in a row makes 60 m)

- Data transport from input to Data Recorder,
PC or Gateway

- Highly time-sync’d with < 1 ps module to
module (auto master)

- Real-time isochronous EtherCAT, voltage
output or CAN bus

Bridge module with universal inputs and unique channel density
» 16 universal inputs measure (Push-in, 8p)

Every single input supports

Strain gage full bridge with 6 wire technology

Strain gage half bridge with 5 wire technology

Strain gage % bridge in 3 or 4 wire configuration,

MX1615B: 120 and 350 Ohm completion resistor inside

MX1616B: 350 and 1000 Ohm

internal shunt resistor (100 kOhm)

Selectable excitation voltage: 0.5/1 /2.5 or 5V (DC or CF with 1200 Hz)

- Voltage +/- 15V, differential

PT100, Potentiometer, Resistance:

Data rates up to 20 kS/s per channel (signal bandwidth up to 3 kHz)

@ 16 plugs included

%
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catman®EASY / AP Benefits
+ simple & intuiti tion (left to right) o Y
easily configure your DAQ inputs and outputs via = =
sensor database, TEDS or EXCEL input T
create additional virtual channels - online calculation I
« strain gage ion,
rosette calculation ]
- algebra, trigonometry, logic > \ /.‘ NN
« Time-at-Level, Rainflow counting
* special strain gages rosettes LR T S IS
= cycle counter, ...
= configure job start and stop condition
* trigger, storage format, operator, ...
; « visualize and operat e R —
S me an reuency domain =
« push button to operate (start, stop, panels) mrTemE
* automate by script e p—
- create report in word or pdf format —
B oan o i, e
TR VRa Cal e Chuols Eased :nllgrul inputs.
+ Mochanical Powe: Pags = 2 * PI* n [60* M
+ = rolational speed in [rpm] and M is torque n [Nm]
+ Electrical Power P, Qand S
* Real Power [W]: Py = Mean (V" 1}
v + Complex Powar [VA]: § = RMS(V,)) * RMS(L,)
- [var) @ = 5T = p*
~ Apparent Power [VA : 18]= /P + °
* Power Factorcos g =Py /S
+ Overall Eficloncy: 1= oy ! Pu
WARTSILA
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Made for the Field Flexible
— 2to 64 channels - OnIine.& Post
— Portable Analysis
— Rugged — Signal Conditioning
- Real-time Analysis — Multi-Analysis
— Remote Access

— PC Free Operation

— Cascadable: 320+
ch.

Customization
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Accurate

DSP-based

24 Bit - 40 kHz -
* 40V input range | g
+0.02dB/ £0.02°

Services

— Customer Care
Department

— Expertise and
Assistance

— Premium Contracts

— Training

— Customized
Applications

<
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Software

Designed for your Application

Structural Analysis

* Unique software platform

Recording

FFT

Time Domain Analysis
Monitoring

» Rotating Analysis

Rotataing Speed Measurements
Envelope Demodulation
Constant Band Tracking
Synchoronous Order Analysis
Turbo machinery Vibration
Torsion

Balancing

Waterfall, data Buffer

Aalto University Vibration Course 9-10.5.2023 / K.Saine

Operating Deflection Shape

Modal Analysis

FRF and Cross-Spectrum Acquisition
Advanced Swept Sine

Acoustical Analysis

1/n Octave Analysis

Overall Acoustics: Levels & Profiles
Sound Power

Sound Intensity

Sound Mapping and Source
Localization

Stress measurements

WARTSILA
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Noise and vibration in the environment or in
industry are caused by particular processes
where | dynamic forces |excite structures.

In any given situation there are always three
factors, which have been examined before solving
noisel/vibration phenomena’s

* Source - where the dynamic forces are generated
* Path - how the energy is transmitted
* Receiver - how much noise/vibration can be tolerated
Aalto University Vibration Course 9-10.5.2023 / K.Saine WARTSIL;\
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Introduction to Vibration

DISPLACEMENT (mm) relevant at low frequency part of the
spectrum. Frequency range up to 30 Hz. Due to Mass forces/resilient
mounting system;

VELOCITY (mm/s) corresponds to a given energy level of the system.
Typical frequency range 10-300 Hz. It is recommended to use this. It
is related to stress level of the measured component.

ACCELERATION (m/s?) measurements are weighted towards high
frequency vibration components, used where the frequency range of
interest cover high frequencies range from 100 Hz up: turbochargers
and electronic components or little mechanical components rigidly
connected to engine structure. It is related to force level of the
measured component.

The relationship between displacement, velocity and acceleration
amplitudes can be described by formulas including vibration
frequency and time.

<
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Introduction to Vibration

Relationship between displacement x (t),
velocity v (t) and acceleration a (t) amplitudes
can be described by derivation or integration.

x(t)=X-sin(w-t+ @)

dx(t
v(t):);—():a)-Xp-cos(a)-t)sz-cos(a)-t)
t
dv(t) d 2x(t) 2 ) i
a(t) = = =—w -Xp-sin(fw-t)=—A -sim(w-t
(=== psin(w-1) = ~4, -sin(w-1)
speed C
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AMPLITUDES

» Velocity
» Acceleration
» Displacement

» Strain
» Torque
* Pressure

» Power Spectrum Density
* Energy Spectrum Density
* etc...

%
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Acceleration
Vibration velocity
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. During our standard vibration

/ measurements were measured
very high vibration levels on the
motor of the lube oil pump for
W8L32 engine

- Firing frequency, order 4, 50 Hz
with amplitude over 200 mm/s !

Overall RMS (3-200Hz): 2227 mimis PLPMIX Longtudinal

4

Velociy, RMS [mmis|

E ) @ 7 20 T T T Er

Frequency [Hz]
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Overall RMS (3:200H2):0.8 mmis BLEMLX Longuginal

03

The reason for high vibration level was
the natural frequency of the cantilever,
which was 50 Hz (resonance).

Veizty, RUSImmis]

[

e === After adding the extra support the
' natural frequency increase to 90 Hz.

In consequence the vibration levels
dropped to the tenth, from 200 mm/s
Bl g to 20 mm/s.

E: E: [ E T T T E:

P —— v e JOtANlY this took nine days.

4

Velocay, RMS [mmis]

Vo, RS [mms]

[L§] |
BN LLERA W

E: E: [ i T T T 2
Frequency 2]

-
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What is vibration?

Three significant components of vibration technique
are:

AMPLITUDE
FREQUENCY
PHASE

AMPLITUDE is amount of vibration,
FREQUENCY is its repetition,

and PHASE is relationship of one vibration to another.
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Quantifying the vibration levels
A
r—“;T——»l
NTT o ANy
The area of rectangle |/~ \|Peak Level /7~ ’iAverage Ams
. . ¥ Level
and sinusoidal are -
Peak-to- Time T
same Peak Level
1,
RMS Level =\Ef X (ar
1 (1
peak ration rms Average Level = ?J‘ Mdt
A
Peak Level Average
L | Level
l RMS
P Level
i ' Time
Peak-to-Peak Level ‘
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Quantifying the vibration level

The vibration amplitude can be quantified in a number of ways: peak-

peak level, the peak level, the average level, the(root mean
square) level.

Thevalues indicate only the maximum level, no account is
taken of the time history of the wave.

The|AVERAGE |value does take the time history of the wave into

account, but has no direct relationship with any useful physical
quantity.

The RMS value is the most relevant measure of amplitude because it
both takes the time history of the wave into account and gives an
amplitude value which is directly related to the energy content, and
therefore the destructive potential of the vibration.

<
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Time signal versus frequency analysis

AG6L20 AucPac p2 Labra p017286 n= 900 rpm P= 1100 kW 25.10.05
integrated aggregate Fenxi SiB KBB HPR4000 SC support

E4'V common base fra =900 rpm, P=100%= 1100 kW
E4 V common base n=900 rpm, P= 100%= 1100 kW X:450Hz Y: uDme/ Total: 14.81 mm/s
X: 4404):-:“ ¥ 343|mm/ Mean: -0.01 mm/s Max: 34.308 mm/s Min: -34.157 mm/s

.ﬁf,Lffgf,J,f,LVﬁ e 7”‘L ST

s e s o s B | L.

VNJL AT :I !
A ’vM. Jﬁg}‘r/‘-@ N e
B s )

= fFr———t———t——
,,,,ﬁfii‘ii,,,fﬁ ,?,_,, o l A fn ‘h 1l \~‘ |

o. 50, 100. 150. 200
0. 100. 200. 300. SPEK 2.SPE

SPEK_IASPE

*  Measured time signal doesn’t give very much useful information or
it is very difficult to study. After Fourier transformation better knowns
FFT you will get spectrum which tells frequency and amplitude of
the measured structure (time signal).

(e
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Fourier analysis

A Frenchman Jean-Baptiste Joseph Fourier developed Fourier
analysis year 1807 during examining heat contractility of a solid
structure.

At first he developed theory of Fourier series which he later
expanded to Fourier integral.

Fourier transform gives the mathematical connection between time
and frequency, and vice versa, and given a time signal allows
calculation of the spectrum.

Today we are calling these mathematic tools as
FOURIER ANALYSIS by the inventor.

The FAST FOURIER TRANSFORM (FFT, 1967) is merely an efficient
means of calculating a Discrete Fourier Transform (DFT). FFT
analyzers are widely used in analysis of vibration.

<
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Time domain and frequency domain

Fourier Transform gives the mathematical connection between
time and frequency and vice versa. Any periodic curve, no matter
how complex, may be looked upon as a combination of a number
of pure sinusoidal curves with harmonically related frequencies.

F)=X,+X,-sin(w-t)+ X, -sin(2-@-¢).....+ X, -sin(n-w-t)
+Y, -cos(w-t)+Y,-cos(2-m-t)+...... +Y -cos(n-w-t)

or

F(t)=X0+Zw:(Xn-sin(n~a)~t)+Yn cos(n-w-t))

n=l1

(e
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1st Harmonic
200 Hz

2nd Harmonic
400 Hz

3rd Harmonic
600 Hz

4th Harmonic
800 Hz

5th Harmonic
1000 Hz

Composite

Wawe

N PG TN
N e

NAA NN N

*Harmonics?

Harmonics
components

>

AAAAAAAAAR,

\ if

Synthesis
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20.

E4 V common base frame, Tpm, P= =
X:450Hz Y:11.02 s Total: 14.81 mm/s

kW

H
|

T |
15. *v-————lj—;iiL ﬁ__._._J_____if

24R62 2‘—
L F_*A}L1+6+6 13.9

5. b — — T***#_—_TAA*#
o L/\ﬂ/\ 1[\[\“!\/\/\‘ ‘

All peaks to the power of 2
and sum square root

0. 50.

50.
40.
30.
20.
10.
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-10.
-20.
-30.
-40.
-50.

100. 150. 200.

E4 V common base frame, n=900 rpm, P= 100%= 1100 kW
X:440.43ms  Y:34.31mm/s Mean:-0.0] mm/s Max: 34.308 mm/s Min: -34.157 mm/s

T T T e

Ly — -re —A—;m—r — —A—Iﬂ; - TA'_A —

T L A A TR T A T

I AT A TR IR AV IANI A
s B i i

SPEK_1A.SPE
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TEST SIGNAL
Overall with 1 peak

st sigaal, accelezation,
X:400Hz  Y:071mfs2  Totsk: 0.4 misr2

The influence of the peaks and
overall vibration levels.

The overall levels same, but three
different states
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Calculation of four different time signals, where amplitudes
and frequencies are constant, only phases are changing.

F(t)=z3:X,1 sin(@, - t+,)

n=l1

where ® = angular frequency

t = time
¢ = phase

(O 10 HZ, 0)2220HZ . (D3=40 Hz B X1’2’3 (peak)=0.6V

O 0y 03

0 0 0
2) 90 -45 0
3) -180 -35 90
4) -145 -60 0
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I |
o

|
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. L I !
-

06 s (1012406 s (20) + 065 (40), Volts,
59691ms Y:L37V Mew:00V Maxi 1371V Min 1308V

o L T T T T 1T T ]
F - N —

v 0 f\«A_(\L(\LﬂZTﬂ%AA b dig 1
e
i R A AR '
Pk R A LR
pl i it S St M Ml N

06 sin (10502)40. sin (20) + 0:6 sim (40), Vo,
X:20080ms Y:12V Mean:DOV Max: 199V Min 1769 V
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p-p=2.9

TEST SIGNAL - TIME

0.6 sin (10H2)+0.6 sin (20) + 0.6 sin (40), Volts,
X:15488ms Y: 159V Mean: 00V Max: 1587 V. Min: -1.027 V

p-p=2.6

0.6 sin (LOH2)+0.6 5in (20) + 0.6 sin (40). Volts,
X:373.36ms Y: LISV Mean:00V Max: LIT8Y Min:-1.372V

i N
LT T T T T 7T T pp=26

o. 100, 200. 300. 400. 500. 600,

TI4SPE
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Installation: PPW20V32F Engine
Engine no: PAAE234059 Torsional Vibration Time signal & FFT

Engine Type: W20V32F Cam shaft torque at 700 rpm at 100% load 9200kW

Torque measurement for W20V32F on A-bank

Aalto University Vibration Course 9-10.5.2023 / K.Saine

=] P-P: 34.8 kNm

A-Bank

41

Installation: PPW20V32F Engine . . . . .
Engine no: PAAE234059 Torsional Vibration Time signal & FFT

Engine Type: W20V32F Cam shaft torque at 700 rpm at 100% load 9200kW

Torque measurement for W20V32F on B-bank.
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P-P: 43.5 kNm

0-P: 11.0 kNm

WARTSILA
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| Frequency bands and measurement units |

— All components are measured in rms velocity units
(mm/s) using frequency band 0 — 200 (300) Hz.

— Turbochargers are measured also in rms acceleration
units (m/s2) using frequency band up to the speed of the
turbocharger (400 — 1000 Hz).

— For the electrical components velocity spectra up to 200
Hz and acceleration spectra up to 1 kHz

Measurement video

Aalto University Vibration Course 9-10.5.2023 / K.Saine WARTSILA
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The measurement points will be formed by words’ initial letters, like

TCC
TCF
TF
ACH
LOM
CF
GP
CH
WG

TC compressor TCT
TC filter TCS
turbo feet TBR
air cooler housing CAC
lube oil module AF
centrifugal filter Wecs
gauge (instrument) panel PLP
cylinder head IP
waste gate

WG-P means Waste Gate Actuator
PLP-C means Pre Lubricating Pump Control valve

Aalto University Vibration Course 9-10.5.2023 / K.Saine

TC turbine

TC suction branch
turbo bracket
charge air cooler
automatic filter
wecs

pre lubricating pump
injection pump

WARTSILA
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inatataton Fincanten 651 VIBRATION MEASUREMENT
Engine fype: WIZVIZD, ABB TFS £1 (AF) Output STEIW, 720rpm
Velocity daia of 100% ked & T20mm

Engne no. PAAE27432)

Overst Rt (20004 124 et

=
Instaiiaton: Fincanter 6281 OVERALL VIBRATION LEVELS
Engine type. W12V3ZD: ABB TPS 61 (AF) Cutput STEOKIY. 720rpm H
Engne no. PAAEZTA333 Velocity data at 100% load & 720rpm
Overall RMS Velocity [mavs], 3.200 Hz I
pot cronas
at Ao 2
A Ake iz
u e 3 Aa LE N
s [y 1
a cia 27
=1 5%y T
=1 oo i Overst s (1003 8 8
8 S " ]
o1 ore i
24
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e 09
Lous 0
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=+ i H
% s f i
oo 23
ACHa &2
rec e 244 1
Tors fred 1
w1 R0
Overst s (3-2007) 18 7 mewy.
.
Engine no.: PAAE274333 Acceleration data at 100% load & T20rpm I
Overall RMS Acceleration [ms?, 31000 Hz 5
B R ot (e e s
e Wrooowt o me e CE R x i
KU AT
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The electrical box mounted on large
diesel engine contains many
sophisticated components.

Excitations from engine have many
strong frequency components that may
destroy the electric box.

Hence it must be isolated from the
engine excitations.

it is very important to select the right
isolator for an application.

Main cabinet in resonance

Aalto University Vibration Course 9-10.5.2023 / K Saine WARTSILA
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* The purpose of flexible elements
either steel springs or rubber
elements is to minimize the energy
transmissions from engine to
surrounding but ALSO vice versus
(earthquake).

* This means that the ground can
be desinged according to statical
load.

* ltis very important that all the

outcoming pipelines have installed
with flexible elements
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FIGURE 42.1
Typeced Isotator Represented &5 a Mess, Spang and Dashpod
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RGID ISOLATION
MASS SYSTEM
RESPONSE
m
SPRING
K
DASHPOT
DISTURBANCE

X

of excited

Transmission facior ¥y

0.3 5.4 0.8 0.8 1 vIz 3 % 5 87889
Tuning ratio 1]

Tuning ratio = Excitation Freq/ Natural Freq

Transmission Factor = Amplitude of mass/ Amplitude
of frame

k

Natural Frequency = "

Isolation Parameters = Stiffness of isolator, mass of
box, engine excitation and damping

WARTSILA
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Lv [dB] (re 1.0E-06 mm/s RMS)
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Recorded Strucure Borne Noise
Logarithmical value of B3b Vertical

oS
Centre Frequenvy [Hz] 1/3 octave band
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Measurement points

Vibration spectra
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Original FEM model, lowest natural frequency
77 Hz, Measured 72 Hz. Second 88 Hz

After modification, two lowest natural
frequencies, 104 Hz and 105 Hz

<
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Paint DGP2 (Hort hit}-1 Point DGP2 (Hort hit)}2 Fomt DOr2 (Hort ity
with both extension pipe + hose with only extension pipe no external connection (free condition)
Influence 10 Hz Influence of 8 kg from 57 Hz to 95 Hz
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« 1SO 6954 Mechanical vibration-Guidelines for measurement, reporting ...

« SO 8528-9 Reciprocating internal combustion engine driven alternating generating set

« 1SO 10816-6 Mechanical vibration-Evaluation of machine vibration by measurements of nonrotating
parts

* 1SO 1940-1 Mechanical vibration-Balance quality requirements for rotors ...

« 1SO 11342 Mechanical vibration-Methods and criteria for the mechanical balancing of flexible
rotors

« |EC 60068-2-6 Environment testing: Vibration

« |EC 60068-2-27  Environment testing: Shock

« |EC 60068-2-64  Environment testing: Vibration, broadband random and guidance

- etc.
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Ship Noise Sources

y ESaE 1Y) =1
! 7 ‘\
Propeller Noise Sources Machinery Noise Sources K& ‘
Cavitation noise Main propulsion system

& structural re-radiation "
AU Eguipucat Radiated Noise

Structural-borne path
Air-borne path

Sea-connected system

First Structureborne Path

WARTSILA
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2 *WOL34DF (4500 kW)

Lenght 110 m 1 2*W12V34DF (6000 kW)
Width  25m “i.- Both aggregates

Draft 8-9m i

Speed 17 knots

[ |

POLARIS

Vibration measurements during winter time to clarify how engines will
behave in ice conditions, what will be acceleration levels of ship hull.

WARTSILA
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WerldAtlas.Com
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Longitudinal (X) Main Deck (DECK4)

\
nversal (Y) /’ﬁ
. P
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» Vibration measurements were carried out during winter time, from
February to May 2019 at Bay of Bothnian. The purpose was clarified
what is happend during icebreaking. 8 pieces 3D-accelerometers were
used, 4 in ship frames and 4 on aggregates.
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& | 6 days 15 h
* Long-term measurements during icebreaking. Very high vibartion
levels could be measured both on ship hull and on aggregates.
« Normal vibartion levels outside icebreaking.
- lcebreaking 27.2.2019 16:00 — 28.2.2019 00:20
= Red curve Base Z (Mp 5)
= Blue curve Engine Vertical Z (Mp 7)
Aalto University Vibration Course 9-10.5.2023 / K.Saine WARTSILA
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* On ship hull could be found
following natural frequencies

¢ 2.8 Hz 30 mm/s=2.8 mm
. 5.6 Hz
+ 82Hz

« 71 Hz 7 mm/s=0.16 mm

'j’ | : [ ’ll T Pmﬁ YT F\‘ - "+ This 7.1 Hz frequency is very

| AL A .. close to rigid body natural

5|Wﬂﬁﬁu V*M"L:‘#F Tmﬁm I Aﬁj ‘ 1 frequency of aggregate and that is

] [y ) I yJ v *wf..,.m.;, why whole aggregete is jumping

e © " with amplitude 70 mm/s=1.6 mm

&
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Natural frequency

+ At different natural frequencies system oscillates in
different shape that is called the mode shape or mode of
vibration. Modes are inherent properties of structure. They
don’t depend on the force or loads acting on the structure.
Modes will change only if material properties (mass,
stiffness, damping properties) or boundary condition
(mounting) of the structure change. The most well-known
natural frequencies correspond to the first bending and
torsion mode shapes.

&
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Natural frequencies and shapes
2 2 2]
: . 1V
[] 0. 0.4 0.8 0. 1 [] (B 0.4 0.8 0.8 1 ] 02z 04 06 08 1
1st bending 2nd bending 3rd bending
N /1 NAd A/
i INT T\ TV
Plates Mode shapes -
&
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_ i il

Frequency [Hz]

resonance

Most easiest way to solve the
resonances is using FEM
(klowledges are needed)

Outside of resonance <
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Rigid body frequencies Elastic natural frequencies
1st torsio

Longitudinal, transversal, vertical ~ 1st bending

Pitching, yawing, rolling 1st horizontal bending
2nd ...

» All real structures have multiple natural frequencies. Modes or
resonances are inherent properties of a structure. Modes are
determined by the material properties (mass, stiffness, and
damping properties), and boundary conditions of the structure. The
amplitudes at resonances are manly depending on damping values
of the stucture (multi body sturctures)

* Modes are further characterized as either rigid body or flexible
body modes. All flexible mounted structures have up to
modes, three translational modes and three rotational modes.
The structure moves as a rigid body, no deformation.
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by BLK: FRF - Number of selected Traces: 186 FRFs (S]]

Magnitude veliN M8 FRF 11X:12

0012

0.008

0.006

0.004

0.002

“Amplification

FRF (Frequency Response Function) is a characteristic of a
system that has a measured response resulting from a known
applied input, every peaks means the natural frequencies of the
structures of different components; local or global

O

WARTSILA
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« Standard linear vibration measurements

» Sweeping measurements (3D or water fall measurements = change the
engine speed)
* ODS (Operational Deflection Shape = how the structure is moving)

» Hydraulic shaker measurements with random or sinusoidal excitation
(natural frequencies of the stucture)

* Modal (Hammer) measurements
» Shaker table measurements
» Weighing engine and gravity point

» Stress measurements

Aalto University Vibration Course 9-10.5.2023 / K.Saine WARTSILA
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. « Hydraulic shaker measurements s.40
5.20
* Weighing 205
e Laser measurements 230
» Shaker table measurements 320 * Rigid body measurements
» Stress measurements 7.10
e Shock test 245
+ Earthquake test 1.00
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Instaliaton. Fincanten 6251 OVERALL VIBRATION LEVELS
Engine type: W12V3I20: ABB TPS 61 (AF) Output STEOKWY. 7
Engine no | PAAE274333 Velocity data at 100% losd & 720rpm

Overall RMS Velocty [mavs], 3-200 Hz
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Engine no.: PAAEZ7433) Acceleration data at 100% load & T20rpm

Overall RMS Acceleration [ms"], 31000 Hz
Tec s s o w83 as
1o wroow e CE R
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inatataton Fincanben 6341 VIBRATION MEASUREMENT
Engine type: WIZVIZD. ABB TS £1 (AF) Outout STEOAW, 720rpm
Engne no PAAEZT4N) Vlockty daia st 100% leed & 720mm

Pt TCC

Overst Bt (3000407 234 e
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-
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VIBRATION MEASUREMENT
P=1110kW 500pm =100%

Instaliation: MV Resolubon (re-eng)
Engine type: WBL20

Engine no. pm P=1110kW
o.;ﬁrimsr:—znmu 9 myy
2l totse %
; bending, [\ 42 36e - e
P = A
" 3t Gz BEZed') Order 3
E % l
e O
g u
® I|
& | A,
| 1 ) N
JuiA DR =
% 0 E) 3 [ 0 @ a o
Froquency
Installation: MV Resclution (re-eng) VIBRATION MEASUREMENT

Engine type: WEL20
Engine no.: PAAES2554

=11 10kW 900rpm =100%
Sweeps 950->BE0mM P=1110kW

Drerll S (3.200Hs) 213 o FIRUT

Vlocky, RMS frs]

Frequency He]
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Paint D1 Sweep

= The sweeping measurements,
where the engine speed will
change, are carried out
normally with constant output.

The results show the location

of the natural frequencies and
wsctheir’s amplitudes (safety

s MArginy

Langjtudinal

WARTSILA
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Sweeping n= 600->800 rpm with exp average

Order tracking n= 600->800 rpm Order tracking n= 600->800 rpm

%
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Ord 6@800rpm Point: C1 sweep (horizontal) ] e

T.0E+00
B.OE«00 t
Ord4 @ 1200 pm
Ord 5 @ 960 rpm
5.0E400 -
— !
40E+00 Ord 4.5 @ 1070 rpm I

B/ s 7 N AL s

e——
z

L S
800 900 1000 1100 1200

Fig 3:(left) Order tracking result for point CI-T

» W9L20 engine block torsion is located at 80 Hz

»  With speed from 700 rpm to 1280 rpm different orders will pass this torsion.
Order 6 at speed 600 rpm, order 5 (960 rpm), order 4.5 (1070 rpm) firing
frequency and order 4 (1200 rpm)
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Point MBT sensor (hort hit)
0001 K12-X. Trarn

n=136 Hz

Acceleration, RMS fmiv]
3

0 EJ © CJ % 00 % o % 10 20
Frequency Mz}

Fig 5: W20V34DF, MBT sensor (lefi) location drawing (right) modal result for MBT sensor bracket at cylinder A4

MBT sensor and higher
excitation orders,

sweep 600 -> 800 rpm
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« With hydraulic shaker measurements could be created high random
or sinusoil force from 10 Hz up to 200 Hz.

« Structure is isolated from ground with flexible elements

» The force is measured with force transducer.

» This measurement system is quite easy to perform here in Vaasa
* Normally is used 60-120 measurement points from the structure.
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* FRF (Frequency Response Function) is a characteristic of a system
that has a measured response resulting from a known applied input,
means the natural frequencies of the structures of different components

* Mode shapes of the natural frequencies will tell the movements of the
structure. It is very important to understand how different part moves
each other.

« That is why it is very important to have as many points as possible.
Normally is used 60-140 measurement points.
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e Turbo bracket 39 Hz with AFS .

« Engine block 50 Hz torsion .

Turbo bracket 39 Hz WITHOUT

AFS

LOM 64 Hz vertical

%
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_
Engne hype WITVIZD. ABS TPS §1 (AF) Ouput STRONW  T20rom
Engew fo  PAAEITAIN Shaler seeep dota 25 HZ 10 100 HZ
Installation: Fincantieri 6251 VIBRATION MEASUREMENT Por C1
Engine type: W12V32D; ABB TPS 61 (AF) Qutput STBOKW, 720rpm
Engine no.: PAAE274332 Shaker sweep data 25 Hz to 100 Hz

Frequency: 25-100 Hz

0 2l a0 ] %0 100 120 140
Frequency [Hz]

* In resonance situations the amplitude
of whole aggregate could be as high
as 10 to 20 mm/s with force 1000 N.

* With known sinusoid excitations could
be improved our FEM models.
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+ fast
- weak excitation

<

WARTSILA
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The modal (impact) testing
was developed during the late
1970’s, and has become the
most popular modal testing
method used today. The
modal testing is a fast,
convenient, and low cost way
of finding the modes of
machines and structures.

— al

I
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Amplitude
Amplitude

Time Time
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31.03.03 09:38 c
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* Normally measurements will carry out with nominal engine
speed and full load.

* The ODS movements are relativ movements, the amplitudes
must be taken from real spectra

* ODS order 0,5 yawing

» ODS order 1 vertical and
bending

. _?([:)FS order 3 firing frequency . ODS order 4.5 LOM

WARTSILA
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| FREQUENCY DOMAIN | A typical vibration spectrum measured from a

diesel engine
s 50 X[ 75. | Hz Y:[ 4317 | mmis Total:[ 7.16_|mm/s
1 E T ]
S S S SN O S
| | |
30 [orn o oen e wes e s salbees e s e e s sees ama ce wes e s s s
| | |
20 |- — - —— - _| ______
* bbbt
oo Madl U a By : ; |

- L'_l xﬁ 100, 150, 2.
' Hz
- Rigid body \ .

- Elastic modeshapes, torsion
- Elastic mounting - Rigid body i TPES,
- Large displacements - Bending complex, local vibration & modes

- for
- Mass forces Gas forces

<
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» The reliablity of differents engine components could be easy way to
test with electrical shaker table.

» With shaker table could be excited different structures up to 2 kHz
with very high excitations.

* The test mass could be as high as 500 kg
» All new components must be tested according to Wartsila standard
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Modified O-ring fixture
Original washer fixture

m::;ierat\on)'iﬂ‘(Fi’aquun:ﬂ (Ur:{s')'i(HzJ}

1k 12k
Frequency (Hz)

L E) (e Wher_1 is used washer the cont'act
o area is area of washer. And with
i O-rings the contact area is whole
mounting structure.

(Acceleration)*/iF requency) ((m/s’)’/(Hz))

800 12k S 2k

1k
Frequency (Hz)

%
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From field was gotton information for broken bolts on el-motor
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On field some challanges with broken bolts

With random excitation these bolts were opened or
broken after 2-3 hours

<
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Single wall gas pipe

* During year 2019 Wartsila got claims from cracking single wall gas
pipes. Only common was that cracks seem to start on same place,
immediately after clamps, different cylinders

<
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Single wall gas pipe

» Low vibration levels were measured around gas pipelines of different
engine configurations. Also mode shapes seem to normal. Vibration
can’t be a reason for cracks.

* FEM calculation showed also that stress levels should be acceptable.
« Many trial and errors were carried out with satisfactory results.

» Finally was decided to do some special tests with W16V34DF engine at
Vaasa.

(e
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Overall view from aggregate

<
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Just before measurements was decided to add strain gages on both side
at cylinders A1, A5 and A8

Aalto University Vibration Course 9-10.5.2023 / K.Saine WAR-TSILA
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L] = - -
». Point 1, A8
»- Torque 0-50 Nm

Stress levels on gas pipe with tightening torque

Static surface tension at different torque

Steel A8 AS Al
A-bank 1 2 3 1 2 3 1 2 2
Torquetest  MPa  MPa MPa | MPa MPa  MPa | MPa  MPa  MPa
S0 Nm 85 58 60 54: 56 42 38 35 65
85 Nm 113 98 78 67 83 a8 42 53 82
Dev +28 +40 +18 +27 +27 +6 +4 +18 +17
@100% lood 150 146 108 97 125 93 63 62 97
Steel B8 B85 B1
B-bank 1 2 3 1 2 3 1 2 3
Torque test MPa MPa MPa MPa MPa MPa MPa MPa MPa
50 Nm 27 12 34 80 72 80 42 70 42
85 Nm 31 12 a8 115 82 115 73 107 70~
Dev +4 - +4 +35 +10 +35 +31 +35 28
@100%load | 80 75 90 144 135 172 81 129 68 ILA
Aalto University Vibration Course 9-10.5.2023 / K.Saine vvarcILA
Static surface tension between materials using different clamping torque
Steel B1 NBR-rubber B1
B-bank 1 2 2 B-bank 1 2 3
Torque test MPa MPa MPa Torque test MPa MPa MPa
50 Nm 42 70 42 50 Nm | 65 42 56
85 Nm 73 107 70 85Nm 74 70 75
Dev +31 435 +28 Dev I+9 +28 +19
BA-S, fiber B1 PE, polythene B1
B-bank 1 2 3 B-bank 1 2 3
Torque test MPa MPa MPa Torque test MPa MPa MPa
50 Nm 30 45 40 | 50Nm | 30 45 40
85Nm 45 80 60 85 Nm 45 80 60
Dev +15 +35 +20 Dev | +15 +35 +20
Aalto University Vibration Course 9-10.5.2023 / K.Saine WARTSILA
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dynamic change

running engine

influence of temperature,
engine movements and etc

80 Nm pretension

amplitude

50 Nm pretension

time
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* Very high vibration levels
have been measured on
rigidly mounted main
engines of W8L32 at 50 Hz
(firing frequency)

* Why this can be accepted?

» Spectra and mode shape

Aalto University Vibration Course 9-10.5.2023 / K.Saine
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Sweeping spectra on TCF on vertical
direction. On top badly support
exhaust pipe and below on right way
supported exhaust pipe.

&
WARTSILA

Aalto University Vibration Course 9-10.5.2023 / K.Saine

101

Aalto University Vibration Course 9-10.5.2023 / K.Saine WARTSILA

102

51



» During year 2021 were reported cracks on
W20DF gas manifold pipes.

* Why suddendly?

<

Aalto University Vibration Course 9-10.5.2023 / K.Saine WARTSILA

103

= Very high stress levels were Von mises

measured on mounting area when W
side supports were tightened on gas J L
pipes i — o

» Same results were reported also on
sites.
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PointDGP2 (Hort -1 Poni DGP2 (Hort )2
+hose pipe

Influence 10 Hz Influence of 8 kg from 57 Hz to 95 Hz

wiAnTEn A

<
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F=35kN

.
ESERszREEE

S, Mises

SNEG, (fraction =-1.0)

SPOS, (fraction = 1.0}
557

With many different calculations could be
easy way to show the stress levels on gas
pipes, like pressure load, terminal stresses,
engine block bend, CH firing movements,
feeding pipe deflections, etc

WARTSILA
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During 2019 was reported cracks from
many sites on this jakkara, especially
Peaker type of Power Plants.

. Many different type solutions were tried
| tosolve these challanges without any

] luck.

Finally is was decided to carry out
validation measurements in Vaasa.
Exhaust temperature is 500° and
engine block 70°

| e s v
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T1: Temp. inlet flange

T2: Temp. outlet flange

T3: Temp. connection piece body middle

T4: Temp. connection piece foot bottom

T5: Temp. of turbocharger bracket top surface
T6: Temp. connection piece foot top

Based on FEM calculations it was expetected that main reason for cracks must be
movement of feet. It was expected that temperature will influence the movement
of feet or in worst case will prevent this movements

WARTSILA
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Aalto

= Original legs
1=engine started
1-2=idle load
3 23s increase load to 100% 12 min
71 T 342 to dle, 2 min

3 B 4-5= engine Idle Imin
= 5= engine stoppad

- 5= engine cooling, 15 min

67= angine started and load to 30%, 3 min
7-8= increase foad 50%:100%, 3 min
80+ load dropped 100% toidle
9-10= idle foad 2 min
10=engine stapped
10-11 engine coaling

\ ﬁ _‘T i_ — " | Figure3: Engine start and stopping with

i LIT \ 5l _‘_1 original feet The lower picture stress

{ j levels. The unit in Y-axis is strain (um).

J J. ] L 7 The stress [evels are strain multiply with

14, 14 Toung’s module which is about 160 MPa.
L ‘.“.L_.;._;.‘g"_,,___;.__ Upper pcte are temperatures at

" differant places.
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First measurement indicated something strange.
When engine load increased (step 2-3) the
stress levels increased normally to about 110
MPa. After that, the load was dropped back to
idle (step 3-4) in 2 minutes and the stress levels
increased suddenly again about 25 MPa. How
this is possible, idle load and stress levels
increased?

When engine started again (step 6), the stress
levels decreased (step 6-7) until at 50% engine
load the stress levels started to increase again.
All the time the temperatures increased on
jakkara. After 100% load (step 8) the load
dropped to idle and again stress level started to
increase (step 8-9), like in previous stop, but
now maximum stress (peak to peak) is about
95 MPa when in first starts it was about 135
MPa.

All three different jakkara behave same way

<
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Aalto

COLD START

Fours simulation of the same FEM model but with
different boundary conditions were compared to

measurement

Original simulation, under estimated exhaust
temperatures, HTC=300W/m2k for low load,

HTC=600W/m2k for high load

Simulation Case1 (Constant HTC), exhaust
temperature according the measurement, constant

HTC=300W/m2k

Simulation Case2 (Extreme case), exhaust temperature

according the measurement, HTC 150-300 for idling ‘

and 600W/m2k for power ramp

Simulation Case3 (Best fit), exhaust temperature >
according the measurement, HTC 150-300 for idling

and 450W/m2k for power ramp

University Vibration Course 9-10.5.2023 / K.Saine
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COLD START, SIMULATION CASE3 C

- WARTSILA
« Simulation case3, best it to measurement
+ HTC values were chosen so that the sil and gradient close to critical location(Pipe T2, SupportT2,T4) at the
most critcal point of time(600s-1000s) are close to measured values

—oad% ¢ —piperic —supportTs'C SUPPOT2YC  ——SPPOTS Y ——SPONTAT  ——PEETIC  ——PleT2'C
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0 200 400 600 800 1000 1200 1400 1600 1800 2000
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